Numerous studies have observred hedait effects of particulate air poliurion. Compared (4) . Second, Holland and Reid (5) made a cross-sectional comparison of British male postal employees in London and in smaller country towns, where levels of SO2 and particulate pollution were about half those in the metropolis. Accounting for cigarette smoking, significant decrements of FEV1 (forced expiratory volume in 1 sec) in London employees compared to those in the provinces were reported. With our present knowledge of the remarkable predictive capability of FEV1 for survival (6) , this finding also suggests that longevity was adversely affected by pollution levels prevailing at that time. This type of air pollution from coal burning has been greatly reduced in the western industrialized nations, but it is still present in Eastern Europe and China. A recent study (7) of nonsmoking women in different areas around Beijing shows similar decrements of FEVI in areas of higher pollution as were first demonstrated by Holland and Reid (5) .
By the 1 970s, a link between respiratory disease and particulate air pollution and/or sulfur oxide pollution had been well established. There remained disagreement about what levels of pollution significantly affected human health. For example, Holland and several other prominent British scientists (8) reviewed research on the health effects of particulate pollution that had been published between 1968 and 1977. They concluded that particulate and related air pollution at high levels pose hazards to human health, but that health effects of particulate pollution at lower concentrations that existed in the United States and Britain by the 1970s could not be "disentangled" from health effects of other factors (8) . Shy (9) responded that this review systematically discounted evidence of pollution-related health effects at contemporary pollution levels. Shy and other reviewers (9) (10) (11) (12) ing by weather or some other factor that is not adequately accounted for in the analysis. This concern is partially mitigated by the fact that similar effects have been observed in locations with differing weather conditions including locations where particulate concentrations are high in the summer and where they are high in the winter. For example, effects were observed in studies from Switzerland, the Netherlands, Ohio, Montana, southern California, Arizona, Colorado, Utah, and southern
Ontario. Effects were observed in communities where most of the pollution was from wood burning, steel mills, and related industry, or was composed of a complex mixture of aerosols and other particles that are characteristic of urban air pollution. Effects were observed in studies both with and without high concentrations of acid aerosols, sulfur dioxide, and ozone. Effects were observed for both children and adults. Effects were generally observed across areas where the primary source of particulate pollution was combustion, but very small or no effects were associated with large volcanic ash particulate concentrations (1/). Numerous studies have also evaluated acute morbidity effects of particulate pollution by examining short-term temporal associations between particulate air pollution and hospital admissions, health care visits, or other measures of restricted activity due to illness (Table 2 ). These studies usually used formal time-series analytical methods. Statistically significant associa- Table 3 .
Small deficits in lung function (FVC, Associations between daily mortality and particulate pollution were observed. Because of multicollinearity between pollutants, independent effects could not be estimated but mortality was not significantly associated with SO2. Small associations between daily mortality and particulate pollution (COH) were observed only for the area with the highest pollution levels. Emergency hospital admissions were also significantly associated with particulate pollution. Mortality was associated with PM10. The association was statistically significant only in St. Louis, yet in both areas an increase in PM10 of 100 pg/mi3 was associated with an approximately 17% increase in mortality. Associations with SO2, aerosol acidity, or 03 levels were not observed. Daily mortality was associated with TSP levels. The association seemed to be independent of SO2 and existed even at very low levels of pollution. A 100 pg/m3 increase in PM10 was associated with a 6% increase in mortality. Daily mortality was associated with particulate pollution (COH) at levels below 150 pg/m3. Lagged effects were observed for at least 2 days. The association was stronger for respiratory mortality than for mortality due to other causes. Daily mortality was associated with PM10 pollution. The strongest association was with 5-day moving average PM10. An increase in PM10 equal to 100 pg/m3 was associated with an increase in deaths/day equal to 16%. The association was largest for respiratory disease deaths, next largest for cardiovascular deaths, and smallest for all other deaths. An association between daily mortality and TSP was observed. This association seemed to be independent of SO2 and was observed at particulate levels below current standards.
Mortality of elderly persons was associated with PM10, NOX, SO2, and CO. Only the association with PM10 was independent of other air pollutants.
During a moderate pollution episode, mortality in the more polluted area was elevated by 8%. Hospital admissions were also elevated. Effects on cardiovascular diseases were larger than on respiratory disease.
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Abbreviations: PM1O, particulate matter <10 pm; TSP, total suspended particulates; COPD, chronic obstructive pulmonary disease. borne particles and mortality. They also covered over an order of magnitude range in airborne particle concentrations.
Despite substantial variations in all of the potential confounding factors, the quantitative relationships between particles and daily mortality were essentially the same. A particulate pollution threshold was not generally observed in these studies. Regression results remained relatively consistent even when pollution episodes that exceed air quality standards were excluded. Several studies, such as those in St. Louis and eastern Tennessee, were conducted in locations that never exceeded two-thirds of the ambient air quality standard, and all provided evidence of an exposure-dependent increase in mortality with particle concentration.
Chronic Mortality
Mortality effects of long-term or chronic exposure to particulate air pollution have been studied using two basic cross-sectional study designs. Population-based (ecologic) cross-sectional studies have correlated cityspecific mortality rates with particulate air pollution ( Table 5 ). These studies generally observe a positive association between mortality and various measures of particulate pollution. Most of the population-based cross-sectional studies observed strongest associations with fine particulate pollution or sulfate particulate matter. One of these studies evaluated health effects based on sources of particulate pollution and suggested that partides from the iron/steel industry or coal combustion are relatively more hazardous than soil-derived partides (84. These studies typically estimate that 2-9% of total mortality was associated with particulate pollution.
The major limitation of the cross-sectional population-based studies is their ecologic design, which does not permit direct control of individual differences in cigarette smoking and other risk factors. The strength of the relationship between mortality and particulate pollution was often sensitive to model specification, socioeconomic, demographic, and other risk factors included in the analysis and the choice of study areas included in the analysis.
Cross-sectional differences in mortality and air pollution were also studied in a prospective cohort study of 8, 111 adults in 6 cities (92) and a larger study of over 500,000 adults in 151 cities (93) . The prospective cohort design allowed for direct control of individual differences in age, sex, cigarette smoking, and other risk factors. In both studies fine particulate air pollution or sulfate particle concentrations were associated with mortality. Adjusted risk of mortality was approximately 15-25% higher in cities with the highest levels of fine particulate pollution compared to cities with the lowest levels. The results suggest that a 10 pg/m3 increase in average PM o exposure was associated with an increase in daily mortality equal to 3% or more. The strongest associations were observed with cardiopulmonary disease and lung cancer deaths, with only small, insignificant associations with death due to other causes.
Discussion
There are important concerns pertaining to these studies that reflect legitimate skepticism about inherent limitations imposed upon epidemiologic studies. Limitations and concerns relating to these studies tend to fall in three categories: 1) issues related to methodological or analytical bias, 2) issues relating to biological significance or plausibility, and 3) concerns about confounding.
It is unlikely that the overall effects of particulate air pollution are due to systematic methodological or analytical bias because the reasonably consistent findings from many differing study designs, data sets, and analytical techniques used. Many of the studies used simple, straightforward comparative statistical analysis coupled with more sophisticated statistical modeling techniques. Generally, the simple and the more sophisticated analysis observed similar associations between particulate air pollution and the health endpoint. Furthermore, recent reviews have noted considerable consistency across studies, especially the daily time-series mortality studies (81, 82, 94) .
The epidemiologic studies, taken individually or as a whole, are severely limited with regard to establishing biological plausibility or providing information on specific biological mechanisms responsible for the observed effects (95) . Recently, Bates (96) has noted the importance of biological plausibility but suggested that the coherence of epidemiologic studies of the health effects of particulate air pollution provide a convincing pattern. A recent review of the acute health effects of particulate air pollution also noted substantial coherence across various health endpoints (94) . Clearly, biological plausibility is enhanced by the observation of a coherent cascade of respiratory health effects and by the fact that non-cardiopulmonary health endpoints were not typically associated with particulate pollution. Also, several authors have offered biological explanations for the observed relationship between fine-particulate air pollution and cardiopulmonary disease (6,94. The most fundamental concern about the validity of these epidemiologic studies pertains to issues of confounding. Con (87) consistent with sulfate and fine particles. Particles from the iron/steel industry and coal combustion seemed to be larger contributors to human mortality than soil-derived particles. Mendelsohn and Orcutt, U.S. county groups Statistically significant associations between mortality and sulfate particulates were observed. 1979 (88) Smaller, less consistent associations with CO and S02 were observed. An estimated 9% of total mortality was associated with air pollution. Lipfert et al., 1988 (89) U.S. cities S04, SO2, NOX, fine particles, and particulate trace metals (Fe and Mn) were associated with mortality. The data did not allow estimation of independent effects of these pollutants, but effects of S04 and fine particles were fairly consistent. Bobak and Leon 1992 (90) Czech Republic districts Infant mortality, especially post-neonatal infant mortality, was consistently associated with particulate air pollution (PM10). After adjusting for differences in socioeconomic characteristics, the relative risk of respiratory post-neonatal respiratory mortality was approximately 3.00 for most polluted areas versus least polluted areas. Archer, 1990 (91) Three counties in Utah Spatial and longitudinal differences in death rates in three counties with low smoking rates and the introduction of a major pollution source were evaluated. It between young, nonsmoking children; and 3) cigarette smoking does not change dayto-day, week-to-week, or month-to-month in positive correlation with air pollution. Cigarette smoking is a more plausible confounder in some of chronic morbidity and mortality studies. However, even in these studies, smoking is an unlikely common confounder because the estimated pollution effects were observed after analytically controlling for cigarette smoking or restricting the analysis to never-smokers. Another set of proposed confounders are socioeconomic factors. As with cigarette smoking, socioeconomic status in a population does not change day-to-day in correlation with air pollution. Therefore, socioeconomic status was not a potential confounder in the short-term time-series studies looking at lung function, respiratory symptoms, school absences, outpatient visits, and mortality.
Temporal multicollinearity makes confounding by weather and seasonal variables a concern. The studies often observed various weather and seasonal effects. Several observations pertaining to the studies as a whole mitigate the prospect of weather and/or seasonal variables being common confounders: 1) daily, seasonal, or annual changes in weather were not potential confounders in the chronic mortality and morbidity studies; 2) in most of the shorterterm time-series studies, at least some attempts to control for weather and/or seasonal effects were part of the analysis; 3) the study period for some of the acute studies were conducted only during single seasons, eliminating potential confounding by seasonal or annual changes in weather; and 4) the estimated pollution effects are reasonably consistent for areas with different climates and weather conditions. It is extremely unlikely that several different confounders for the different studies would coincidentally cause spurious correlations that were coherent across the different studies and different health endpoints. The most likely common confounder that could be responsible for the effects observed is another pollutant or combination of pollutants that are highly correlated with particulate pollution. However, it is difficult to determine which other pollutant(s) may be the confounder. Similar particulate-related health effects have been observed in areas where sulfur dioxide, ozone, and aerosol acidity levels are low or poorly correlated with particulate pollution compared with areas with relative high levels of these pollutants. Given current data, proposing additional potential confounding pollutants is largely speculative. It may be that the true culprit pollutant is a constituent of particulate mass such as combustion particles, sulfate particles, fine-or ultra-fine particles. It may also be possible that various measures of particulate exposure are serving as proxies for an unknown or unmeasured pollutant or combination of pollutants.
Conclusions
There is substantial body of contemporary epidemiologic research that has explored health effects of particulate air pollution at levels common to contemporary cities in the developed world. Observed health effects of respirable particulate pollution include: increased incidence of respiratory symptoms, decreased lung function, increased hospitalizations and other health care visits for cardiopulmonary disease, increased respiratory morbidity as measured by absenteeism from work or school or other restrictions in activity, and increased cardiopulmonary disease mortality. Health effects are observed at levels common to many U.S. and Canadian cities, including levels well below current U.S. National Ambient Air Quality Standards. There When a substantial body of epidemiologic evidence indicates that a material to which people are commonly exposed may be having serious adverse health effects the burden of proof may be deemed to have shifted from those who draw a causal inference, to those who maintain no causal inference is possible (98) . The latter should be required to explain the consistency and coherence of the large body of evidence and put forward alternative hypotheses to explain the findings.
Based on our evaluation of this recent research, there is enough consistency and coherency of results across a large number of studies and a wide range of expected outcomes, methodologies, study areas, and researchers to merit a reassessment of the importance of fine and/or respirable particulate pollution on cardiopulmonary health. A research emphasis should be directed at elucidating the mechanisms behind the epidemiological data. It is unclear why morbidity and mortality should be so closely linked to respirable particulate pollution. Nonetheless, Sir Austin Bradford Hill (99) , in his famous lecture in 1965, warned us that we should not require mechanistic understanding before making the inference of causality from associative epidemiological studies.
